A series of flume experiments were conducted to study the effect of bedform dynamics on the flow over a gravel bed comprised of a wide grain size distribution. Spectral analysis of the measured velocity fluctuations reveals two distinct scaling regimes separated by a spectral gap. The relatively high frequency range of scales is dominated by turbulence and characterized by a clear Kolmogorov spectral scaling. A second lower-frequency scaling range is the signature of large-scale velocity changes associated with the relatively slow evolution of the bed topography.
Introduction
Measurement of turbulent flow structures in a gravel-bedded environment has received considerable attention in the past few decades; yet, there is still debate about the origin and development of these flow structures and, in turn, their influence on the bed surface itself [Nelson et al., 1993; Nelson et al., 1995; Nikora et al., 2002; Schmeeckle et al., 2007] .
It has been suggested in the literature that the initiation of gravel movement is strongly influenced by transient flow structures with time scales of about 1-10 seconds which are superimposed on the more random turbulent flow field [Drake et al., 1988; Kirkbride and Mclelland , 1994; Kirkbride and Fergusson, 1995] . Over a rough boundary, such as in a gravel-bedded channel, friction created by individual gravel particles or clusters of particles (i.e., microtopography as well as bedforms) retards the flow velocity, but the effect diminishes with increasing height above the bed. This roughness creates nearbed turbulence which is responsible for entrainment of particles predominately linked to sweeps, bursts and larger coherent structures [Best, 1993; Jerolmack and Mohrig, 2005] .
In this paper we use long time series of bed elevation and velocity fluctuations measured over a gravel-bedded channel to quantify both flow structures and bed structures.
The results clearly demonstrate the signature of bed structures on the near-bed velocity fluctuations. The paper is outlined as follows. In section 2 a brief description of the experimental setup, the data analysis techniques and the results is presented. In section 3 the discussion and interpretation of the results are given, followed by the conclusions in has a maximum depth of 1.8 m with a maximum discharge capacity 8000 l/s . It is a partially sediment recirculating channel while the water flows through the channel without recirculation. Intake of the water in the channel was directly from the Mississippi river.
The bed of the channel was composed of a mixture of gravel and sand with a median particle size diameter, d 50 = 7.7 mm, d 16 = 2.2 mm and d 84 = 21.2 mm. A priori to data collection a constant water discharge, Q, was fed into the channel to achieve quasidynamic equilibrium in transport and slope adjustment for both water surface and bed. were some leaves floating in the channel which might have resulted in spikes in the velocity and bed elevation data. Even though the amount of spurious spikes in the data was found to be very small, these were removed as part of the data treatment for erroneous measurements.
Fourier analysis of bed elevation and velocity fluctuation
Power spectral density (hereafter PSD) is a commonly used tool to measure the distribution of energy (variance) in the signal across frequencies (or scales). In other words, it
shows at which scales the variations are strong and at which scales variations are weak. , 1997] . For a discrete signal X(t), the power spectral density is given by
A simple way to estimate PSD is by taking the fast Fourier transform (FFT) of the signal [Stoica and Moses
whereX(ω) is the discrete Fourier transform of X(t),X * (ω) is its complex conjugate and ω is the frequency. In our case the signal X(t) is the flow velocity or the bed elevation.
Special emphasis is placed here on identifying spectral scaling ranges, i.e., ranges of scales over which log-log linearity is observed in the power spectral density.
Results
The power spectrum of the velocity fluctuations (measured at 25 Hz) at a discharge of 2000 l/s is shown in 
Discussion
Velocity fluctuations in turbulent flows have been previously analyzed in terms of their scaling properties, intermittency and characteristic shape of their PDF at different scales.
Their PDF roughly evolves from a Gaussian shape near the integral scale to a stretched exponential shape near the Kolmogorov scale [Malecot et al., 2000] . In the case of turbulent channel flow over topography, the statistics of the velocity field is affected by the roughness elements (bedforms) and their spatial distribution along the channel reach [Robert et al., 1992 [Robert et al., , 1993 Lamarre and Roy, 2005] . For instance, the mean (time-averaged) velocity measured at some location over the crest of the dunes is larger than the velocity measured at the same elevation over the dune troughs. In addition, the PDF of the velocity fluctuation is found to be more skewed over the dune crest as compared with the dune trough [Hassan and Reid, 1990; Best, 1993] .
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In the hypothetical case of stationary bed forms, one would expect the power spectra of velocity measured at a given location to be affected solely by the turbulence and, consequently, characterized by a -5/3 scaling in the inertial subrange [Kolmogorov, 1961] .
The evolution of the bedforms, however, introduces additional variability in the velocity field at the range of temporal scales associated with that evolution. This effect explains the existence of the second scaling range (between 100 sec and 1.0 hr) in the power spectrum of scales and their behavior can be described using comparable dynamic equations. This similarity can be seen, for example, in the behavior of power spectra of the landscapes which exhibit a log-log scaling range with a slope of -2. Here also, we observe a slope of ∼ -2 in power spectra of bed elevation for both the discharges of 2000 l/s and 2300 l/s (Figure 4 and 7) . Furthermore, Singh et al. 
